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Abstract 
The efficiency of power transformers should be always taken in account when design and operation conditions 
parameters are chosen. In high temperature superconducting transformers (HTS transformers), normally cooled by 
liquid nitrogen at 77 K, cores are usually kept at room temperature in order to minimize total magnetic losses, losing 
the possibility to use the cooling liquid to minimize electric risks and to cool the core, and increasing the complexity 
of the cryostats that, in these cases, must only embrace the superconducting windings. This work try to evaluate the 
magnetic core losses increasing at 77 K, for different magnetic materials, and the possibility of reducing these losses 
under some specific manipulation of magnetic materials. For this purpose, several low temperature measurements are 
presented to characterize the magnetic behavior of four electrical steels usually used in transformer cores. The chosen 
magnetic materials are three crystalline materials, two grain-oriented and one non oriented steel, and an amorphous 
elaectrical steel. The most significant results show that grain oriented steels have lower losses increasing at cryogenic 
temperature, comparing with the other two magnetic materials, and that above a certain value of magnetic induction, 
B, total magnetic losses at 77 K became smaller than room temperature losses. Results interpretation is presented and 
some suggestions are made concerning production of magnetic materials for applications at 77 K. 
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1. Introduction 
The use of high temperature superconducting transformers (HTS transformers) in power applications is 
perhaps one of the most interesting applications of superconducting materials. Superconducting 
transformers’ allow the reduction of power losses through the substitution of copper conductors by 
superconductor materials, which electrical resistivity is almost null. Nevertheless, magnetic losses in 
transformers cores’ are equal to that of conventional transformers or even higher, if cores are immersed in 
cryogenic liquids. Consequently, in most applications, superconducting coils are immersed in liquid 
nitrogen at 77 K, and magnetic cores are maintained at room temperature to avoid magnetic losses 
increasing. This procedure has some disadvantages as, for example, more complicated cryostat design and 
impossibility to use liquid nitrogen to cool the core and to prevent electrical risks.  
In previous work [1], measurements of total magnetic losses, at room and liquid nitrogen temperatures 
under sinusoidal excitation and at power frequency of 50 Hz, for three selected electrical steels used in 
transformers cores’ showed that at 77 K total losses are higher in non grain-oriented (NGO) material for 
all range of maximum induction, Bmax. Nevertheless, for conventional grain oriented (CGO) materials 
these losses are also higher at 77 K but only until a specific value of Bmax situated, for both tested 
materials, in saturated region of BH curve. Above these values, total magnetic losses became lower at 
liquid nitrogen temperature. These facts drove to the necessity of evaluate which magnetic losses 
component (or components) would be responsible for this behavior. In sequence, for selected crystalline 
ferromagnetic materials static (DC) hysteresis losses, Physt, were also measured at both temperatures and 
classical eddy-current losses, Pclass, were calculated. Noting that total magnetic losses, Pt, is given by 
 Pt = Physt + Pclass + Pexc                                           (1) 
excess losses, Pexc, were obtained by difference. Details about experimental procedures, calculations and 
origin of each type of losses can be found in references [1, 2, 3].To complete the analysis of ferromagnetic 
core materials at cryogenic temperature, it was also selected and tested and amorphous silicon-iron alloy 
usually used in transformer cores. 
In this paper the main characteristics of ferromagnetic materials under test will be identified in section 
2 and obtained experimental results and their analysis and interpretation will be presented in section 3. 
Finally some useful procedures to reduce magnetic losses in HTS transformers cores’ maintained at 77 K 
will be suggested. 
2. Ferromagnetic samples characterization 
To analyze the influence of liquid nitrogen temperature in electrical steels magnetic losses, four types 
of ferromagnetic materials were chosen, as referred in last section. Table 1 shows the specifications of 
these samples. 
 
Table1. Specifications of silicon-iron samples 
 
Designation 
of samples 
Class of 
silicon-iron 
Thickness of 
laminations (mm) Grade AISI DIN 46400 % wt Si 
Density 
(gŧcm-3) 
T1 NGO 0.50 M43 V400-50A 2.7 7.69 
T2 CGO 0.35 M6 VM111-35N 3.9 7.05 
T3 CGO 0.30 M5 M140-30S 3.9 7.44 
TA Amorphous 0.04 -- --- 2.0 9.82 
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The amorphous material TA was selected to compare total magnetic losses variation, at room and 
cryogenic temperatures, as a function of maximum magnetic induction, Bmax. Static hysteresis losses were 
not measured for this material. 
In order to calculate classical eddy-current losses, electrical resistivity of the ferromagnetic samples 
was measured. The results are indicated in Table 2. 
 
Table 2. Electrical resistivity of T1, T2 and T3 at room and liquid nitrogen temperatures  
T1 T2 T3 
 
298 K 77 K 298 K 77 K 298 K 77 K 
ρ
;пϭϬͲϳΩͼŵͿ 3.68 2.84 4.83 3.93 4.86 4.02 
 
Classical eddy-current losses, Pclass, were calculated using the equation 
 
   (2) 
where f is the operation frequency, Bmax is the maximum induction in tesla, e is the thickness of the sheet, 
ρ  is the electrical resistivity and d is the density of the material. 
3. Experimental results and discussion 
Total specific magnetic losses, pt, obtained at room and liquid nitrogen temperature, for T1, T2, T3 and 
TA materials as a function of Bmax are presented in Figures 1, 2, 3 and 4.  
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Figure 1 – Total specific magnetic losses for T1 at 298 
and 77 K 
Figure 2 - Total specific magnetic losses for TA at 298 
and 77 K 
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The obtained results showed that for NGO material and amorphous material, total magnetic losses are 
higher at 77 K for all range on maximum induction. At 77 K, T1 has an almost constant increasing in 
losses of approximately 15 %. In amorphous material this increasing is also almost constant but reaching 
50 %. This fact makes material TA inadequate for using in HTS transformers with core immersed in 
liquid nitrogen. Nevertheless, total magnetic losses in amorphous silicon-iron sample are much lower than 
in the other crystalline materials. Comparing with T2, which is the best crystalline material under test, 
low temperature losses in TA are only 83 % of losses in T2.  
 
On the other hand, in grain oriented electrical steels T2 and T3, total losses are higher at 77 K but, 
when Bmax increases, the relative increasing in total losses slow down until, at a certain value of maximum 
induction, losses became lower at cryogenic temperature, as can be observed in Figures 3 and 4. This 
occurs at 1.5 and 1.7 T for T2 and T3, respectively. In order to analyze the origin of this behavior, all 
components of magnetic losses were determined for these two materials (it was also determined for T1 as 
can be seen in [2]). Figures 5 and 6 present the obtained results for T2 and T3 electrical steels. 
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Figure 3 - Total specific magnetic losses for T2 at 298 
and 77 K 
Figure 4 - Total specific magnetic losses for T3 at 298 
and 77 K 
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Figure 5 – Specific magnetic losses for T2 at 298 and 77 K 
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Figure 6 – Specific magnetic losses for T3 at 298 and 77 K
In material T2 hysteresis losses are the most important component at both temperatures. At 77 K it can 
be observed a slight decrease in hysteresis losses, comparing with room temperature, probably due to the 
increasing of material magnetic permeability at low temperature. On the other hand, at liquid nitrogen 
temperature, electric resistivity is lower than at 298 K (Table 2) which results in an increasing of 
approximately 20 % of dynamic losses (classical and excess losses) at 1.0 T. Nevertheless, for applied 
maximum induction above 1.5 T, excess losses become lower at 77 K than at 298 K. This behavior is 
responsible for the reduction of total magnetic losses at 77 K, above 1.5 T. The reduction of low 
temperature excess losses above Bmax § 1.5 T could have its origin in the combination of several factors. 
First, at low temperature, thermal vibration of lattice decreases, which leads to decreasing electric 
resistivity but, at same time, to increase magnetic permeability of the material. Above 1.5 T the material 
is in saturation region where the rotation of magnetic domains is the dominant mechanism and it is 
facilitate by higher permeability, reducing excess losses. Additionally, domain rotation causes a lower 
variation of dB/dt than that associated with Bloch wall movements (dominant outside saturation region), 
which also leads to a decreasing in induced electromotive force, with corresponding reduction in induced 
eddy-currents, and consequent decreasing in excess losses. This means that in saturated region, the 
decreasing in electric resistivity is counterbalanced by easier domain rotation process which finally results 
in lower excess losses at cryogenic temperature. On the other hand, at 77 K ferromagnetic materials suffer 
thermal contraction with associated reduction on grain size and correspondent reduction in excess losses 
[3]. For pure iron at 77 K, thermal contraction coefficient is 19.5×10-4 [4] which also results in smaller 
grains and probably, associated reduction in excess losses. According with [5], exists an optimum grain 
size to minimize magnetic losses in ferromagnetic materials which decrease, for example, with electrical 
resistivity decreasing. After this analysis it could be suggested that, the combination of all these 
mechanisms is responsible for the reduction of total magnetic losses in T2, at 77 K and above 1.5 T.  
The behavior of material T3 is similar to material T2. As presented in Figure 6, for this electrical steel 
total magnetic losses, pt, are lower at 298 K but only below 1.7 T. Above this value, losses become lower 
at 77 K, due to decreasing of excess losses, pexc, above Bmax§1.5 T. Nevertheless, T3 sample has lower 
hysteresis losses than T2 which indicates smaller grain size. The mechanisms described in previous 
paragraph should also be responsible for T3 magnetic losses behavior. 
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4. Conclusions and future work 
After the analysis of experimental results, the following can be concluded: 
- Non grain-oriented material T1 has higher magnetic losses than amorphous and grain-oriented 
materials under test. At 77 K total losses increases approximately 15 %, so, it is not adequate to 
use at cold HTS transformers cores’. 
- Amorphous Fe-Si alloy, TA, has the lowest total magnetic losses but exhibits an increasing of  
approximately 50% after cooling at 77 K. The associated reduction in transformers efficiency at 
cryogenic temperature would be too high. 
- Results obtained for grain-oriented electrical steels T2 and T3 indicate that under some conditions, 
total magnetic losses could be lower at 77 K. Although, the working point where this behavior is 
observed is in saturated region, and this region is not suitable for transformers operation, it 
suggested that, if ferromagnetic materials are specially produced to work at 77 K, total magnetic 
losses would be lower at this temperature, resulting in an improvement of cold core HTS 
transformers efficiency.  
- After these experiments it can be suggested that, to obtain more efficient soft magnetic materials 
to work at liquid nitrogen temperature they should have smaller grain size when compared to 
those that usually are used at room temperature. The magnitude of the decreasing on grain size 
must, of course, be tested. 
 
In future work, and in order to complete the analysis of low temperature behavior of magnetic losses, it 
should also be measured the magnetostriction (variation of material length as a function of Bmax) and the 
magnetoresistence (variation of material resistivity as a function of Bmax) of the ferromagnetic materials at 
both temperatures. In order to be more accurate it is also important to measure the thermal contraction for 
these specific materials at 298 and 77 K. 
 
Acknowledgements 
This work was supported by FCT - Fundação para a Ciência e Tecnologia (CTS multiannual funding) 
through the PIDDAC Program funds. 
References 
[1] Pronto, A. G., Ventim Neves, M., Leão Rodrigues, A. Analysis of magnetic properties of steels used in HTS transformers’ 
cores at cryogenic and room temperature. Proceedings of European Conference on Applied Superconductivity. Dresden, 2009. 
 [2] Pronto, A. G., Ventim Neves, M., Leão Rodrigues, A. Measurement and separation of magnetic losses at room and 
cryogenic temperature for three types of electrical steels used in HTS transformers. Journal of Superconductivity and Novel 
Magnetism 2010; 24: 981-985.DOI 10.1007/s10948-010-0867-9. 
 [3] Pronto, A.G. Análise de perdas em sistemas de energia que empregam materiais supercondutores de alta temperatura.PhD 
Thesis, Lisboa, 2010. hdl.handle.net/10362/5116 
[4] Barron, T. H., White, G. K. Heat Capacity and Thermal Expansion at Low Temperatures. USA: Lluwer Academic/ Plenum 
Publishers; 1999. 
[5] Campos, M. F., Teixeira, J. C.,  Landgraf, F. J. The optimum grain size for minimizing energy losses in iron. Journal of 
Magnetism and Magnetic Materials 2006; 301, 94-99. 
